⋅ current-induced pseudo-topographic β effect, ⋅ nonlinear effect of secondary eddies. Meddies are warm and saline anticyclonic eddies found at the mid-depth of the Mediterranean Outflow in the Eastern North Atlantic. They are observed to move almost southward at average speeds as high as 1.3 ± 0.2 cm s -1 . This paper examines a mechanism which accelerates this curious translation to a reasonable speed when combined with nonlinearity and a suitable vertical eddy structure. This mechanism is the pseudo-topographic β effect due to the westward decrease in the thickness of the mid-layer induced by the surface southward mean current. The linear dispersion relation including this effect is shown to account for a quarter of the surface southward mean current or a fifth of the observed southward translation of meddies. Three-layer quasi-geostrophic experiments reveal that the surface southward mean current certainly enhances the southward translation velocity of meddies to a speed in agreement with observation, if the meddy has a current structure of plausible intensity and vertical coherence. In the light of the current-induced pseudo-topographic β effect, previous hypotheses are also re-examined through dynamic arguments together with numerical experiments; they are suggested to have some difficulty either in dynamics or in correspondence with observation. Thus the nonlinear effect due to secondary eddies combined with the current-induced pseudo-topographic β effect is the most likely mechanism responsible for the rapid southward translation of meddies among those examined in the paper.
Introduction
Meddies or salt lenses are anticyclonic submesoscale eddies found at the depth of Mediterranean Outflow in the Eastern North Atlantic (Armi et al., 1988 Richardson et al., 1989) . Observations have revealed various characteristics of meddies. First, the core of meddies contains warm and saline water of Mediterranean origin. Second, meddies are 400 m or less thick with the core depth around 1100 m. Third, their maximum swirling velocity is 30 cm s -1 or smaller at their characteristic radius of 20-30 km, within which nearly solid rotation is realized.
Probably the most puzzling, however, is why meddies are translated almost southward at such a high speed; the observed trajectories of the neutral SOFAR floats captured by meddies clearly showed that meddies proceed southward or southwestward at an average speed of 1.3 ± 0.2 cm s -1 , spinning round anticyclonically with occasional irregular behavior Richardson et al., 1989) . According to the linear theory, eddies of small amplitudes are expected to propagate westward due to the planetary β effect. As is well known and as will be shown later, the nonlinear effect of secondary eddies on a β plane tends to translate an isolated anticyclonic (cyclonic) eddy southwestward (northwestward) in the northern hemisphere (Firing and Beardsley, 1976; McWilliams and Flierl, 1979; Mied and Lindemann, 1979; Masuda et al., 1990) . This mechanism alone, however, appears insufficient to explain the large speed and the almost southward direction of translation of meddies.
This curious translation of meddies has so much intrigued oceanographers that several hypotheses have already been published: (1) direct advection due to the surface flow , (2) nonlinear advection due to secondary eddies on a β plane mentioned just above (Beckmann and Käse, 1989) , (3) the heton mechanism of a pair of anticyclonic eddies located in different layers (Hogg and Stommel, 1990) , (4) meridional translation to compensate for the decrease in the thickness of meddies by mixing (Verdiere, 1992) , and (5) nonlinear, complicated evolution of an "S-vortex", which is an isolated eddy at mid-depth accompanied by an upper and/or lower eddy with the opposite sign of potential vorticity anomaly (Morel and McWilliams, 1997) . Among them, the last one is the latest and awaits further study for its validation. The others, however, do not seem to have succeeded in accounting for such a rapid southward translation of meddies in a persuasive way. This paper is therefore intended to present a mechanism that is more plausible in dynamics and more consistent with observation.
In the next section we introduce the current-induced pseudo-topographic β effect, which has been investigated for meddies by Takahashi et al. (1994) and by Morel (1995) . The linear analysis shows the basic property of wave propagation in the presence of the current-induced pseudotopographic β effect. The third section presents numerical results obtained with a three-layer quasi-geostrophic model with and without the current-induced pseudo-topographic β effect. In particular, it is suggested that the nonlinear effect combined with the current-induced pseudo-torographic β effect is the most likely mechanism responsible for the rapid southward translation of meddies. Then the previous hypotheses are reexamined in the light of the present mechanism. Finally the last section gives a summary and discussion.
Current-Induced Pseudo-Topographic β Effect
In the Eastern North Atlantic the subtropical gyre has a large-scale southward or southwestward Canary current of the order of 1 cm s -1 in the surface layer, while no noticeable current is observed in the mid-layer (Saunders, 1982; Richardson et al., 1989) . Hence the mid-layer, where the core of meddies lies, decreases westward in thickness in order to compensate the zonal pressure gradient associated with the surface meridional mean current. The argument is confirmed in Fig. 1 of potential density calculated from the climatic hydrology (Levitus, 1982) . The layers just above the mid-depth decrease their thickness westward and the slope of the isopycnals roughly corresponds to the value expected from the surface southward mean current. This westward decrease in the thickness of the mid-layer water column modifies the ambient potential vorticity of the layer. That is, the surface mean current cyclonically rotates the otherwise zonally oriented contours of the ambient potential vorticity of the mid-layer. Thus meddies, which have their core in that layer, are expected to propagate southwestward rather than westward even in the linear case. Because the change of the thickness of the mid-layer is due to the largescale mean surface current, not due to the real topography, we call the resulting effect the (current-induced) pseudotopographic β-effect or CIPT β-effect for brevity.
So far as we know, this effect was investigated first for meddies by Takahashi et al. (1994) , though in a preliminary report, where numerical experiments were carried out with a finite-difference scheme of relatively low accuracy. The same mechanism was studied independently by Morel (1995) as an extension of or a complement to the heton mechanism (Hogg and Stommel, 1990) . Morel considered a variety of surface currents, either zonal or meridional, ranging to a speed as large as 3 cm s -1 . In Morel's experiments, however, the initial eddy was limited to a fixed finite amplitude of Gaussian eddy confined strongly in the mid layer. Thus the present paper is intended to examine the effect combined in particular with (1) nonlinearity and (2) vertical current distributions, more systematically than in the two previous studies (Takahashi et al., 1994; Morel and McWilliams, 1997) .
Quasi-geostrophic formulation
One primary purpose of the paper is to clarify the typical effect of the current-induced pseudo-topographic β on the translation of meddies, so that a simpler model is preferred both in geometry and in dynamics. We choose a quasi-geostrophic formulation in a doubly-periodic region at mid-latitudes on a β plane. The characteristic Coriolis parameter is f 0 = 0.73 × 10 -4 s -1 and β = 2.0 × 10 -11 m -1 s -1 at 30°N, a representative latitude of meddies.
The ocean should include three layers at least: the surface, middle, and deep layer, which are labeled by the number k = 1, 2, and 3, respectively. The k-th layer is H k thick at the state of rest with a uniform density ρ k : H 1 = 900 m, H 2 = 400 m, H 3 = 2700 m, ρ 1 = 1027.0 kg·m -3 , ρ 2 = 1027.5 kg·m -3 , and ρ 3 = 1027.8 kg·m -3 . Associated divergence parameters become
where the suffix u(l)of F indicates that the relevant reduced gravity g′ is based on the density difference between the layer concerned and its upper (lower) layer: g′ k,k+1 = g(ρ k+1 -ρ k )/ρ 1 with g the acceleration of gravity. Assuming the above stratification and g = 9.8 m s -2 , we have g′ 1,2 = 4.9 × 10 -3 m s -2 and g′ 2,3 = 2.9 × 10 -3 m s -2 . Then the evolution of the (relative) potential vorticity of the k-th layer
is governed by
where ψ k denotes the quasi-geostrophic stream function, A h = 3.45 × 10 8 m 4 s -1 the hyper viscosity, t time, x = (x, y) the (eastward, northward) coordinates, ∇ the horizontal gradient operator, and J(·, ·) the Jacobian. The interfacial and bottom friction were discarded, except for a few cases that examined the effect of bottom friction. The motion with highest part of horizontal wavenumbers suffers more vigorous decay than that due to the ordinary hyper viscosity, as in Hua and Haidvogel (1986) or Takase and Masuda (1996) . In order to incorporate the current-induced pseudotopographic β effect, an ambient uniform mean current
In the present situation, we consider a nonzero mean current only in the surface layer: U = U 1 = ( U , V ). Here we have specified the surface current without going into details about how it is maintained as part of the wind-drive subtropical gyre. Under the presence of the ambient surface current above, Eq. (3) is modified to become
In particular, we have 
and
We find that the westward direction for the ordinary planetary β effect (negative x) is replaced by the negative ξ 1 or ξ 2 directions for the surface or the middle layer, respectively, when the CIPT β effect is taken into account. A southward mean surface current V < 0 orients the negative ξ 2 southwestward.It is also worthwhile noting that in the mid-layer the ambient current appears only in the CIPT β term, whereas in the surface layer the ambient current works to advect the potetial vorticity in addition to the CIPT β effect. This is why the CIPT effect can be investigated in the purest form in the middle layer, where the core of a meddy lies.
Linear dispersion relation
This subsection deals with only the linearized motion, to focus ourselves on the typical effect of the CIPT β. First, we consider "2.5"-layer dynamics, where the surface and middle layer are active above the quiet deep layer. Linearizing the equations and ignoring the dissipation terms we have
for the surface and middle layer, respectively. For plane waves of the form ψ 1, ψ 2 ∝ exp[ −1 (k·x -ωt)] with k = (k, l) the wavenumber vector, a simple calculation yields the dispersion relation
1 3
( )
An insight into the dispersion relation, however, is obtained if we simplify the situation further by assuming that only the mid-layer is in motion and that the horizontal scale of the eddy is much larger than the relevant radius of deformation. Then we can rewrite Eq. (12) as
It follows immediately that the translation velocity of the disturbance is
Because F u,2 = 2.72 × 10 -9 m -2 , F l,2 = 4.53 × 10 -9 m -2 , and V = -1 cm s -1 , we have C x = -0.28 cm s -1 and C y = -0.27 cm s -1 . Thus we may say that in the linearized equation the CIPT β effect solely yields as much as a fifth of the observed translation velocity of meddies.
Numerical Experiments
The purpose here is to look for a plausible mechanism of the rapid southward translation of meddies, in addition to evaluating how much the CIPT β effect accelerates the translation of meddies. In order to track the trajectory of an isolated eddy, the same pseudo-spectral method used by Takase and Masuda (1996) was adopted, where the quasigeostrophic stream function is expanded in terms of the horizontal Fourier components and vertical modes from the barotropic to the lowest two baroclinic. The resulting amplitude equations were integrated by the forth-order RungeKutta method over 200 days with a time interval of ∆t = 1.33 × 10 4 s. The average translation velocity (C x , C y ) of the eddy was estimated from the displacement of the location of the highest pressure in the middle layer, the center of the eddy.
The model ocean is 640 km wide and periodic, both zonally and meridionally. The interval of the horizontal grids corresponds to 10 km (64 × 64 Fourier components).
In some experiments a finer resolution of 5 km was tasted, but little difference was found in the translation velocity of meddies. As the initial condition, we put a Gaussian anticyclonic eddy with its core in the mid-layer
where (x e , y e ) denote the initial coordinates of the center of the eddy, irrespective of the layer number k. For this eddy the swirling velocity takes the maximum value V k = A k /r e at the characteristic radius r = r e , which is 21.2 km from top to bottom in the standard runs. We express the initial vertical structure of the eddy with a notation (V 1 , V 2 , V 3 ) (in cm s -1 ).
Linear regime-The pure CIPT β effect
Let us begin with the linear regime for an eddy with an initial profile of (V 1 , V 2 , V 3 ) = (0, 30, 0) × 10 -4 cm s -1 , which is approximately of the second baroclinic mode. The ambient surface meridional current was varied from V = -2 cm s -1 to V = 1 cm s -1 . The third column of Table 1 shows the translation velocity (C x , C y ) of the eddy obtained from the numerical experiment for this linear case. We see that the eddy center in the middle layer moved in the same direction as the ambient surface meridional current through the CIPT β effect. The phase or position of the maximum value of the stream function of the mid layer, however, moved slower than the prediction of the theory of idealized long waves of the second mode (C x , C y ) = (-0.28, 0.27 V ) in Subsection 2.1.
We take the finite wavelength into account as follows. Putting |k| = 2π/(120 km) and identifying the direction of the wavenumber with that of the experimental translation velocity, we can calculate the frequency ω of the second baroclinic mode from Eq. (13). Finally we regard the velocity defined by (C x , C y ) = kω/|k| 2 for that monochromatic wave as the translation velocity of a meddy. The results are shown in the second column of Table 1 . Although the experimental eddy was neither purely of the second baroclinic mode nor the monochromatic wave assumed above, (C x , C y ) based on the dispersion relation explains the experimental results fairly well. Figure 2 illustrates the difference in the evolution of the flow around the eddy between the cases when the CIPT β effect is absent ( V = 0 cm -1 , top row) and present ( V = -1 cm s -1 , bottom row). From left to right the panels of each row show contours of the stream function on the 120th day for the surface, middle, and deep layer. When V = 0 (top row), we see (1) meridional symmetry with respect to the latitude of the eddy center, (2) slow westward propagation of the mid-layer eddy, and (3) coherence between the surface and deep layer. On the other hand, the presence of the surface ambient current (1) skews the eddy fields, (2) translates the mid-layer eddy southwestward, and (3) yields a rather incoherent vertical distribution.
As is predicted by the linear analysis, the CIPT β effect certainly translates the meddy meridionally by an amount of about V /4. We must note, however, that C y = -0.21~-0.17 cm s -1 for V = -1 cm s -1 in the table is much smaller in magnitude than C y = -1.3 cm s -1 for real meddies. In order to reconcile this with observation, | V | must exceed 4 cm s -1 , which is unrealistic for the Canary Current. Moreover, C x is comparable with C y when V = -1 cm s -1 , so that almost southward propagation is not expected. In other words, the CIPT β effect alone in the linear regime is too weak to account for the observed translation velocity of meddies both in speed and in direction.
Nonlinear effect and vertical coherence or baroclinicity
Next we investigate the effect of nonlinear secondary eddies combined with the CIPT β effect. For this purpose we change the intensity of the eddy with its relative profile fixed at (V 1 , V 2 , V 3 ) ∝ (0, 30, 0), the same as in the previous subsection. Table 1 shows the experimental values of (C x , C y ) for three levels of nonlinearity. We observe that nonlinearity substantially affects both C x and C y . Figure 3 is a plot of the C y in Table 1 against the surface ambient current V , illustrating the influence of nonlinearity and the CIPT β. Significant southward translation is induced by nonlinearity even without the CIPT β effect, as is usual for an anticyclonic isolated eddy in the northern hemisphere. On the other land V or the CIPT β effect accelerates the southward translation even without nonlinearity. As is shown by a straight line drawn for reference, C y increases with V ; the slope is about 1/4 almost irrespective of nonlinearity. Also note that the experimental C y for the eddy of the least nonlinearity are approximated well by the calculation based on the linear analysis.
Again, however, the experimental C y are much smaller than the observed average value, which is shown in the figure with an error bar. We therefore examine next the influence of the eddy vertical profile. Figure 4 shows how different eddy profiles result in different eddy evolution. The CIPT β effect was omitted for simplicity and the initial Table 2 except that the most barotropic profile is (V 1 , V 2 , V 3 ) = (8, 15, 12) cm s -1 , which is more barotropic than that in Table 1 and similar to that in the nine-layer experiment of Beckmann and Käse (1989) . eddy profile was (V 1 , V 2 , V 3 ) = (0, 30, 0) cm s -1 in the top row and (10, 30, 0) cm s -1 in the bottom row, respectively. When the mid-layer eddy is accompanied by coherent eddies in the surface and bottom layer (bottom row), we see a typical pattern of strong secondary eddies to the east or southeast, which are know to play a key role in translating the mid-layer eddy southwestward even without the CIPT β effect (Masuda et al., 1990, for example) . When the eddy is concentrated in the mid-layer (top row), however, only weak secondary eddies were induced. This is ascribed to the weak vortex force of baroclinic eddies (Masuda and Miki, 1995) . In consequence, the mid-layer eddy moved slower in the top row than in the bottom row.
Thus let us test the effect more systematically for two basic profiles. One is the extension of the previous eddy to (V 1 , V 2 , V 3 ) = (10, 30, 10) cm s -1 . The other is (V 1 , V 2 , V 3 ) = (8, 15, 12) cm s -1 , which corresponds to that of the ninelayer quasi-geostrohpic experiment by Beckmann and Käse (1989) . We may say the latter (8, 15, 12) = (16, 30, 24) × 1/ 2 is more barotropic or vertically coherent than the former (10, 30, 10).
Tables 2 and 3 summarise the translation velocities for the two basic profiles and their variations of less barotropic profiles with the maximum swirling velocity of the core layer V 2 fixed. As before we confirm that the CIPT β enhances the southward translation. Figures 5 and 6 demonstrate more clearly the dependence of C y on the vertical coherence for the experiments in Tables 2 and 3 , respectively.
The translation speed C y = -0.8 cm s -1 obtained by Beckmann and Käse (1989) is shown by a solid circle in Fig.  6 . This value is smaller than that of our corresponding experiment. This is partly because their model differs from ours, and partly because their value was determined from tracking over 800 days; a decaying eddy has decelerating translation due to diminishing nonlinearity.
In both figures we find that the mid-layer eddy accompanied by a deep-layer coherent eddy but without a surface eddy moves faster southward than that accompanied by a surface coherent eddy but without a deep-layer eddy. In particular, this effect is conspicuous for the latter profile similar to that of Beckmann and Käse (1989) ; C y when (V 1 , V 2 , V 3 ) = (0, 15, 20) cm s -1 is almost the same as that when (V 1 , V 2 , V 3 ) = (8, 15, 12) cm s -1 . According to the observed thermohaline profile of meddies Richardson et al., 1989) , however, they are unlikely to be accompanied by such an intensity of coherent deep eddy. The results for (V 1 , V 2 , V 3 ) = (8, 15, 12) × 2 cm s -1 are added to show that eddies with large amplitudes of this rather barotropic profile can be translated much faster than the average meddy.
Together with the linear analysis in the previous section, the present experiments show that the rapid southward translation of a meddy-like isolated eddy is due primarily to the nonlinear effect of secondary eddies. Also the CIPT β effect surely enhances the southward translation of meddies as much as V /4. Its contribution is limited but significant. The third important factor is the profile of the meddy. A vertically coherent eddy induces vertically coherent neighboring secondary eddies, which exert effective force on the main eddy to translate it southward faster. Within our framework, therefore, the observed average meridional velocity of meddies C y = -1.3 cm s -1 is attained when the eddy has a substantial amplitude with a less baroclinic eddy profile, accompanied by the CIPT β.
Previous Hypotheses and the CIPT β
Before concluding the paper, it may be worthwhile to re-examine the hypotheses so far proposed, since the CIPT β effect investigated here sheds some light on their dynamical meanings.
Advection due to the surface flow
The first gypothesis was provided by Richardson et al. (1989) , who supposed that the surface southward current of the order of 1 cm s -1 carries meddies southward at that speed, because meddies have a coherent though weaker anticyclonic flow in the surface layer. This explanation has a difficulty, however, in that the mean current almost vanishes at the core depth of meddies of about 1100 m (Saunders, 1982) . Nevertheless, as has been shown hitherto, the surface mean current does play a key role in the mechanism of the CIPT β effect, even though the surface current cannot directly advect meddies as was envisaged in Richardson et al. (1989) .
Nonlinear advection on a β plane
The second mechanism is due to Beckmann and Käse (1989) . Using a nine-layer quasi-geostrophic numerical model, they tested whether meddies on a β-plane can move southward by nonlinearity; such a meridional movement has been studied often as a typical behavior of nonlinear isolated eddies on a β-plane. According to the experiment of Beckmann and Käse, meddies moved southwestward at a reasonable velocity of 0.8 cm s -1 , starting from an anticyclonic Gaussian eddy. However, their speed still seems a little too small to be compared favorably with observation. Moreover the vertical profile of the meddy they assumed appears rather barotropic. This mechanism has been examined in more detail in the preceding section, as being an indispensable part of the mechanism proposed in the paper. We should note, however, that meddies must be substantially barotropic in order for this nonlinear mechanism to be effective without the CIPT β effect. In fact, the translation velocity is reduced drastically if the initial eddy motion is confined in the middle layer, i.e., when only the weak baroclinic vortex force is available, as has been demonstrated in our experiment (Fig. 3) . The observed baroclinic thermal and saline profile of meddies suggests that this mechanism alone may be insufficient.
The more recent hypothesis by Morel and McWilliams (1997) is also classified into this kind of mechanism: nonlinear nondissipative evolution of eddies on a β plane. Using a model with high vertical resolution in shear layers, they showed that an anticyclonic S-vortex (meddy) behaved rather differently from the meddy considered here or in Beckmann and Käse (1989) ; the S-vortex moved southward at a favorably high average speed of 1-2 cm s -1 with an irregular behavior sensitive to the initial condition. The resulting high speed and complicated motion as observed make their mechanism quite attractive.
It is not clear, however, why and how the layer above or below the meddy obtains the opposite sign of potential vorticity anomaly. In addition it may be that the observed irregular translation of meddies is due to the influence of nearby eddies ubiquitous in the ocean. Note that S-vortices have the same Gaussian distribution as the ordinary meddy model of Beckmann and Käse or ours. On the other hand, the R-vortex in Morel and McWilliams is featured by a characteristic ring of counter current around them. Nevertheless, according to Morel and McWilliams (1997) , it is the Rvortex that moves like the meddy here or in Beckmann and Käse (1989) . The different behavior between the S-vortex and our meddy may partly be ascribed to the different vertical resolution, as was pointed out by Morel and McWilliams themselves. If so, it is difficult to make a direct comparison of their results with those of Beckmann and Käse (1989) and ours. We should note also that their mechanism takes no account of the CIPT β effect at all.
Heton mechanism
The nonlinear advection due to secondary eddies on a planetary β plane is quite natural but leaves some ambiguity about its validity. That is probably why Hogg and Stommel (1990) proposed another hypothesis, and so did Verdiere (1992) subsequently. The two models, however, have some difficulties. Let us sketch why the Hogg and Stommel model and Verdiere model are unsatisfactory for the translation of meddies, in separate subsections.
The basic idea of Hogg and Stommel (1990) is quite interesting. They assumed a surface anticyclonic eddy located a little west of the meddy. Usually the pair of vortices thus composed circulate anticyclonically around each other. Hogg and Stommel therefore introduced a mean southward current in the surface layer, which would advect the surface eddy southward. A surface mean current strong enough would transport the surface eddy, overcoming the northward translating vortex force of the eddy in the mid-layer. Then, the two eddies are expected to be translated southward, being coupled with each other.
There are two difficulties in their model, though. One is that the surface mean current must be more than twice the observed velocity for their hypothesis to be valid. In fact they assumed -4.6 cm s -1 as an appropriate mean surface current velocity for meddies to move in accordance with observation. That is too large for the Canary Current, the mean of which is -1.5 cm s -1 or so at most (Saunders, 1982) .
The other is that the Hogg and Stommel model discards not only the planetary β, but also the CIPT β which should necessarily accompany the ambient surface current, as was stressed also by Takahashi et al. (1994) and Morel (1995) . In consequence, the model neglects the secondary eddies induced by either β effect. As we have seen above, the secondary eddies are crucial to the long-term evolution of isolated eddies.
Though not shown here, four kinds of dynamics were tested by numerical experiments: either with or without the CIPT β effect and either on an f-plane or on a β-plane. Quite different translations of the mid-layer eddy were observed under different dynamics. In some cases, one sort of dynamics even breaks the coupling of the surface and mid-layer eddy. As is expected, the CIPT β effect associated with the southward surface current tended to direct the mid-layer eddy southeastward.
The heton model thus does not appear plausible for meddies: it requires an unrealistic speed of surface current, and it is dynamically inconsistent because it assumes a surface mean current on one hand while it discards the associated CIPT β effect on the other. Moreover, the planetary β ignored by the heton model also greatly affects the evolution of meddies in reality.
Diffusion mechanism
Verdiere (1992) noticed that meddies decrease their thickness h gradually as they proceed southward. He ascribed this decay of meddies (dh/dt < 0) to diffusion or mixing. Further he assumed the conservation of the potential vorticity ((d/dt){( f + ζ)/h} Ӎ 0) and admitted the quasiinvariance of the relative vorticity ζ (dζ/dt Ӎ 0). Then the decrease in the thickness of water columns in the meddy should lead to the decrease in the planetary vorticity (df/dt = βv < 0), or the equatorward translation of the meddy C y = v < 0. Verdiere suggested that his mechanism could explain a reasonably large southward translation of a few cm s -1 , in contrast with the small value of 0.8 cm s -1 obtained by Beckmann and Käse (1989) .
This simple idea of Verdiere can be tested if we use a diffusive reduced-gravity model, which takes into account the effect of density diffusion (Masuda and Uehara, 1992; Masuda and Mizuta, 1995) . In this model, the diffusion of density is related with the stretching of water columns through
where w denotes the vertical velocity, η the interfacial displacement (the increments of the thickness of the mid-layer) of the corresponding reduced-gravity model, ν the horizontal viscosity of the harmonic type, λ the coefficient of Newtonian damping due to the vertical diffusion, κ the horizontal diffusivity of density, and N.L. the relevant nonlinear term. Experiments, though not shown here, revealed that larger diffusion certainly caused a faster decay of an initially Gaussian eddy. However, the meddy propagated westward rather than southward. Why did it do so? The explanation is obtained if we investigate the dynamics of the diffusive reduced-gravity model,which we think is quite important for understanding the slow motion in stratified oceans, including not only meddies but also western boundary currents (see Masuda and Uehara, 1992, for details) .
For this purpose we first rewrite the conservation of potential vorticity as
where the second term of the right-hand side indicates the viscous dissipation of vorticity. We should note that the third term is no other than the stretching of water columns mentioned above
( ) which tells us that, in the diffusive reduced-gravity model, the substantial stretching dh/dt comprises two kinds of vortex stretching: one is the apparent stretching dη/dt and the other is the diffusive stretching (λ -κ∇ H 2 )η. For example, even when apparent stretching vanishes, as is the case for the steady abyssal circulation, the diffusive stretching may balance the advection of the planetary vorticity (usually referred to as the Stommel Arons scheme; see Masuda and Uehara, 1992) . In the present case of meddies, diffusion certainly caused negative apparent stretching dη/dt < 0, as Verdiere pointed out. However, it was canceled by positive diffusive stretching (λ -κ∇ H 2 )η > 0. This accounts for why no noticeable southward translation of meddies was observed to balance with the negative apparent stretching in our experiment with the diffusive reduced-gravity model. In the Verdiere model, diffusion is taken into account to explain the decrease in the thickness of meddies, while the associated diffusive stretching is not. It might not be legitimate, however, to discard the Verdiere model totally, since the actual mechanism of mixing may differ from those incorporated in the diffusive reduced-gravity model.
Summary and Discussion
In this paper we have examined the current-induced pseudo-topographic β effect combined with nonlinearity and the spatial structure of meddies. The CIPT β effect is due to the surface southward mean current. More precisely it arises from the vertical shear of the ambient horizontal current, which is associated with the horizontal variation of the thickness of isopycnal water column.
In the situation of the Eastern North Atlantic, the surface layer dominated by the southward Canary Current lies over the mid-layer of a vanishingly slow flow. This shear induces the westward decrease in the thickness of the mid-layer, where middies are observed. The ambient potential vorticity of the mid-depth therefore increases northwestward or westward rather than northward. In consequence the natural direction of eddy propagation is rotated from west toward south. In the linear regime the southwestward translation by this mechanism has been verified by numerical experiment and supported by the analysis of the dispersion relation based on the quasi-geostrophic formulation. The CIPT β effect alone thus accounts for about a quarter of the ambient surface current or a fifth of the observed southward translation of meddies. The mechanism alone, however, is insufficient for the observed rapid and almost southward translation of meddies.
We then carried out three-layer quasi-geostrophic experiments, where the surface and deep layer have initial eddies coherent with the mid-layer eddy. A realistic vertical distribution of eddy intensity yielded a southward translation velocity of -1.22 cm s -1 when without the CIPT β. If we take into account the CIPT β, however, the meddy was translated at a speed of -1.39 cm s -1 . Both values are within the observation of -1.3 ± 0.2 cm s -1 . We should keep it in mind, however, that average was over only three samples of observed meddies. That is, this average value may be revised by a future increased number of samples. Moreover the average depends on the periods meddies are tracked over. Though with this reservation, we may say that the CIPT β accelerates the southward translation as much as V / 4, improving the experimental C y toward the observed average value. Thus it would be plausible to ascribe the strange southward translation of meddies to the nonlinearity due to the secondary eddies enhanced by the CIPT β effect. It is highly likely that meddies move southward rapidly owing to a compound mechanism rather than a single simple one.
The mechanism of nonlinear S-vortices proposed by Morel and McWilliams (1997) is quite intriguing and attractive in that it yields an enhanced southward mean translation velocity of meddies as well as complicated trajectories. It is not clear at the present, however, why their S-vortex behaves differently from the meddy in our experiment, despite the fact that the current distributions are similar to each other; it may be ascribed to the different vertical resolution as was suggested by Morel and McWilliams (1997) . If this is the case, it is difficult to compare their results directly with ours, so that we here refrain from arguing the physics further. Though Morel and McWilliams (1997) took no account of the CIPT β effect at all, it is worthwhile examining that effect on S-vortices, which were reported to be sensitive to the initial condition.
The Hogg and Stommel model and the Verdiere model were tested by numerical experiment designed for each hypothesis. Those models turned out to have some difficulty in dynamical consistency. Hogg and Stommel took into consideration the surface meridional current, but they ignored the CIPT β effect, which necessarily accompanies the surface current, as was already pointed out by Takahashi et al. (1994) and Morel (1995) . On the other hand, Verdiere required diffusion for the decrease in the thickness of meddies, but he did not take into account for the diffusive stretching, which is associated with density diffusion (Masuda and Uehara, 1992; Masuda and Mizuta, 1995) . Richardson et al. (1989) supposed that the peculiar southward translation of meddies is due to the advection of the surface southward mean current. In the present investigation, we showed that the surface current is surely important for the translation of meddies. Note that it is not by the direct advection, but through the indirect effect of the CIPT β.
Finally a few remarks are added for future research. We should emphasize the importance of closer observation of the current and density profile within and near meddies. This is necessary in order to corroborate the mechanism presented here or the mechanism proposed by Morel and McWilliams (1997) . Further it is desired to clarify the generation of meddies or to answer to other related questions. How does an initial disturbance become an isolated meddy with its characteristic spatial structure? What profile of eddy structure does the generation or adjustment process yield? Is such a vertical eddy structure favorable to an Svortex of Morel and McWilliams (1997) or to a more barotropic eddy of Beckmann and Käse (1989) and ours? How frequently is a meddy formed, and how much heat and salinity do they transport southward? How does the bottom topography work, which resists the barotropification of the eddy field (Takase and Masuda, 1996) , which in turn retards the southward translation of such isolated eddies? Aside from meddies, it is interesting to explore the comprehensive application of the CIPT β effect, especially in the dynamics of mid-layers or intermediate layers, which has remained the least explored in physical oceanography.
